Summary. A precise and accurate method of numerically quantifying diabetic retinopathy, on standardised retinal colour photographs, has been developed which allows small changes and trends to be monitored. Colour slides are projected onto a screen and features noted on an acetate sheet which provides a permanent record. Sector analysis showed microaneurysms and haemorrhages to occur most often at the temporal-to-macula area, exudates at the macula and cotton wool spots on the nasal side of the retina. Seventy percent of microaneurysms appeared in the previous year, irrespective of the severity of the retinopathy. In proportion to their usual relative prevalences, after normalisation of distribution, the various features can be combined to provide a single value, the Retinopathy Index. This provides an overall assessment of retinopathy which is suitable for comparing the progress of mild retinopathy in prospective studies.
The ability to detect small changes in background retinopathy over a relatively short period of time can be a problem when using discontinuous grading systems such as the Airlie House and Hammersmith systems [1, 2] , based on comparisons with reference photographs. Counting individual retinal features provides a more precise continuous scale of measurement. The relative weighting of different features has been controversial, but their statistical interdependence can be used to provide a single overall assessment. A method of analysis has been devised to monitor small changes in mild background retinopathy in a relatively small group of patients.
The method is illustrated in a 2-year study [3] of 69 Type I (insulin-dependent) diabetic patients, found on screening to have background retinopathy, in which retinal photographs were taken at yearly intervals. The different retinopathic features were analysed separately and combined to produce a single, descriptive Retinopathy Index which can be used for statistical analyses comparing different patients.
Materials and methods
Using a Zeiss Oberkochen 30 degree field retinal fundus camera, eight standardised overlapping fields, linear magnification x 2.5 were taken of each eye. Every field was photographed twice with refocussing in between to ensure a clear image. The fields photographed were four horizontal (optic disc, nasal-to-disc, macula and temporal-to-macula) and four diagonal (superior temporal, superior nasal, inferior nasal and inferior temporal) (Fig. 1) .
For the disc and macula fields the eyepiece graticule was centered on the structure concerned, whilst for the nasal-to-disc view the temporal edge of the field was arranged so as to bisect the disc. For the Fig.3 . Interdependence of retinopathic features using the information obtained for all patients at entry to the study. The microaneurysm count was compared with the area of haemorrhage, the area of exudate and the numbers of cotton wool spots. The data was transformed to obtain a more normal distribution by taking the common logarithm of counts and square root of areas. Least squares regression analysis was used to express the relationship with microaneurysm counts, shown on the ordinate, and haemorrhage, exudate and cotton wool spots shown on the abscissa temporal-to-macula view the nasal edge just incorporated the macula. For the diagonal views the field bisected the disc in each of the four meridional positions at 1.30, 4.30, 7.30 and 10.30 o'clock. Changing the field was achieved by moving the fixation target viewed by the other eye.
The colour slides (Kodak Ektachrome 64 reversal film) from each eye were back-projected in turn onto a ground glass screen and overlaid by an A2 acetate sheet so as to produce a montage of the posterior retinal pole with an additional magnification of x 10 (ie x 25 total magnification). This was occasionally checked by projecting a graticule onto the acetate sheet.
The disc was projected onto the acetate sheet and a fine fibretipped red pen used to outline the disc and the midline of the major retinal blood vessels. Next, the field nasal to the disc was projected and the acetate sheet shifted on the screen to align the retinal blood vessels drawn with those projected. The procedure was then repeated for the remaining six fields.
Five features, namely microaneurysms, cotton wool spots, areas of haemorrhage, areas of exudate and new vessels were systematically traced onto the acetate using for each feature different coloured alcohol soluble ink fibre-tip pens.
Sample reference slides were used to train new observers in the method. These slides indicate how separate features should be quantified, including definite and indefinite features. Where blurring or density make classification difficult, theJ lesion is annotated as nonquantifiable. Intra-retinal microvascular abnormalities were also annotated [4] .
With the retinal montage completed, a standard seven-sectored grid, centred on the disc, was drawn on the acetate sheet (Fig. 2) , the 177 mm radius of the larger circle (r) giving a 46 degree field and the smaller circle having a radius (r 1) of 94 mm centered 5.5 mm from the larger circle on the horizontal axis. The overlapping fields giving a subtended angle in the horizontal meridian of 60 ° while retaining the resolution of the 30 ° camera. Using wide angle photography, i.e. a 45 ° or 60 ° camera, less photographs would be needed, but the lesser definition does not allow precise quantitation. The seven equal quantifiable areas of the grid totalled 1,148 mm 2 equivalent to 184 mm 2 retina or 17% of the total retinal area (circa 1100 mm 2) [4] .
All red features of 6mm 2 (110p. diameter on the retina) or less [5] [6] [7] [8] , as measured by a standard template, were designated as microaneurysm/haemorrhage (mh) dots since it is impossible to distinguish between microaneurysms and small round haemorrhages of this size on colour photographs. Total numbers of mh dots for each sector and the eye as a whole were noted. In subsequent years, overlaying acetate sheets from the previous year allowed changes to be readily visualised; in particular the mh dots could be identified as "old events" being present the previous year or as new events. To allow for minor photographic displacement, a movement of 4 mm on the acetate sheet was necessary to accept a lesion as a new event.
The perimeter of any retinal haemorrhage or hard exudate was traced using a computerised MOP AMO3 planimeter giving an automatic readout of area. Individual hard exudates smaller than 110 ~t diameter were ignored; this would exclude most drusen. In an area of multiple small exudates close together, the whole area was measured. The numbers of cotton wool spots and new vessel complexes were counted by sector. Additional features such as capillary loops, drusen, intraretinal microvascular abnormalities and venous beading were also noted. Drusen were identified by their size limit, clinical appearance and failure to progress with time when previous photographs were available. Stereoscopic photographs can be used for the additional identification of drusen or macular oedema. The time taken to draw each montage from 8 photographic views is 15-30 min, depending on the retinopathy present, and another 15-30 min is required for measuring and counting the features and recording data. The main cost involved is the photographic materials, acetate sheets and pens. The method could be adapted to a computerised system.
In order to obtain a single measure of diabetic retinopathy that could be used in statistical analysis, the numbers of microaneurysms (mh) and cotton wool spots (cws), and the areas of haemorrhage (hm) and hard exudate (ex) were combined as a Retinopathy Index (RI). New vessels were not included in the RI, as the RI is designed to examine the effects of intervention on pre-proliferative diabetic retinopathy. A near normal distribution for each variable was first obtained by taking the common logarithm of the counts and the square root of the areas. Least squares linear regression analysis was then used to express each variable in terms of "microaneurysm equivalents" (Fig. 3) . The use of the normal inter-relationship between features means that each is accordingly weighted in the index, e. g. one cotton wool spot is equal to 70 microaneurysms.
The Retinopathy Index is given by the mean of the four values and may be expressed as: RI (logl0mh + 0.38 logl0cws + 0.21/hm + 0.17/ex + 4.8)
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Should any feature be absent, a microaneurysm equivalent of zero is used in its place. No provision was made for scoring new vessel for- mation, since these patients were recruited only if they had background retinopathy. The index provides an overall measurement of retinopathy, but each feature can still be followed over time separately and the time course for the development of cotton wool spots, IRMA, etc. noted. The method was validated by asking four observers to quantify six complete sets of fundus transparencies from different patients with varying degrees of retinopathy. Each set, with identification removed, was read weekly for 6 weeks. There is always a possibility of recognition of a fundus photograph, but in view of the complexity of documentation and numbers of lesions for examination, it was thought unlikely that this would lead to any significant bias. Sixty-nine insulin-dependent diabetic patients, attending a routine clinic and found to have background retinopathy on screening, were studied [3] . Retinal photographs were taken initially and then at one and two years.
Results
The intra and interobserver coefficient of variation for microaneurysm count, haemorrhage area and exudate area are shown in Tables 1-3. The intra and interobserver coefficients of variation were greatest for the haemorrhage area, especially in those patients with a large area of haemorrhage. This is probably due to indefinite or blurred borders, making accurate definition difficult. As the square root of the areas are used in the index, the effect of the variability is reduced.
The intraobserver coefficient of variation for the microaneurysm count ranged from 7-14%, with an interobserver variation of 13%. A linear relationship was found between microaneurysm new events appearing in the previous year and total microaneurysm counts (Fig. 4) . New events accounted for 70% of the total mh count.
The variation with time in the individual features quantified (Fig. 5) show a trend towards retinal deterioration over a two year period in the 69 patients studied.
Regional differences on the retina are detailed in Table4. Microaneurysms and areas of haemorrhage were found to occur most frequently in the temporal to Table 5 . By producing a montage from composite fields, the problems of overlapping fields and counting lesions more than once is obviated. Each feature is only noted once in its correct position. The feature may appear on two fields, which may help to identify doubtful lesions. In addition, a single montage on a clear acetate sheet is produced for each eye so that changes in subsequent years are readily identified by overlaying the acetate sheets. It is therefore possible to quantify new events as well as the total number of events. The direct measurement technique allows all visible lesions to be assessed and recorded, although for statistical purposes only a selected portion of the retina is photographed. The use ma=microaneurysms, hm=haemorrhages, he=hard exudates, cws = cotton wool spots, irma=intra retinal microvascular abnormalities, nv = neovascularisation, prolif= proliferation of additional stereoscopic photographs would help to identify macular oedema or drusen. Most drusen would not be included as hard exudates, as only those larger than 110 lx diameter are quantitated. Analysis by sector or zone of interest, e.g. macula, may show behaviour which is representative of the whole retina and may in time reduce the amount of retina which needs to be observed in detail. The finding that exudates occur more commonly at the macula, whilst cotton wool spots are more frequent on the nasal side of the retina, supports the observations of Kohner [5] . Davis [12] noted the frequent occurrence of microaneurysms, temporal to the macula, in background retinopathy.
The high turnover of microaneurysms, with 70% having appeared in the previous year at all severities of retinopathy, means that little is gained from counting "new events" rather than the total microaneurysm count.
Parr and Spear [13] have devised a method of point counting features from red-free retinal photographs which , although more accurate than comparisons with standard reference slides, can produce sampling inaccuracies. The detection of diabetic retinopathy by colour photography and fluorescein angiography has been investigated by several workers. Frank et al. [14] studied 166 diabetic patients and found significantly more retinopathy with angiography as compared with colour photographs (18% v 11%, p = 0.01) as did Malone et al. [15] (77% v 14%, p=0.001). However, Palmberg et al. [16] found no significant difference (41% v 42%). Baudoin et al. [17] have described a method for quantifying microaneurysms from fluorescein angiograms. Fluorescein angiography has the advantage of allowing differentiation between microaneurysms and small microhaemorrhage and allowing identification of areas of peripheral ischaemia. However, it is an invasive technique which is not acceptable to all patients. For accurate quantification, fluorescein angiograms must be of a very high standard with good capillary detail, which may be difficult to obtain on some patients or may require repeating. Comparing results from year to year can pose a problem in matching up the same phase of the angiograms. A precise means of assessing colour photographs may be as effective.
Combining the individual retinopathic features seen on colour photographs as a Retinopathy Index simplifies comparison of retinopathy with other measures of diabetes, e.g. metabolic parameters, and is helpful in assessing retinopathy in prospective studies [3] . Whilst it is possible that different aspects of the retinopathy may, to a certain extent, be affected by different pathological factors, in general all features become more common with increasing retinopathy. The statistical interdependence of the different features can be used to combine quantitation of each of them into a single index of retinopathy. This automatically provides a differing scaling for each feature. For example, cotton wool spots are regarded as being pre-proliferative, and the index is in accord with this, one cotton wool spot being the equivalent of 70 microaneurysms. The relative weightings are derived from the inital data set rather than being a clinical assessment as used in the Wisconsin "191" grading. Combining all features as an index lessens the dependence on any one feature. Thus, reliance on microaneurysm count alone can be misleading, as a lower count might paradoxically be due to reduced retinal perfusion, but this would usually be detected by worsening of other features. The use of a single index avoids multiple statistical analyses of several different retinal variables which may lead to Type I statistical errors in prospective studies. The use of an index does not prevent evaluation of specific features where appropriate.
